Studies of singletons suggest that right-handed individuals may have higher levels of testosterone than do left-handed individuals. Prenatal testosterone levels are hypothesised to be especially related to handedness formation. In humans, female members from opposite-sex twin pairs may experience elevated level of prenatal exposure to testosterone in their intra-uterine environment shared with a male. We tested for differences in rates of left-handedness/right-handedness in female twins from same-sex and opposite-sex twin pairs. Our sample consisted of 4736 subjects, about 70% of all Finnish twins born in 1983-1987, with information on measured pregnancy and birth related factors. Circulating testosterone and estradiol levels at age 14 were available on 771 and 744 of these twins, respectively. We found significantly (p<.006) lower prevalence of left-handedness in females from opposite-sex pairs (5.3%) compared to females from same-sex pairs (8.6%). The circulating levels of neither testosterone nor estradiol related to handedness in either females or males. Nor were there differences in circulating testosterone or estradiol levels between females from opposite-sex and same-sex twin pairs. Birth and pregnancy related factors for which we had information were unrelated to handedness. Our results are difficult to fully explain by postnatal factors, but they offer support to theory that relates testosterone to formation of handedness, and in a population-based sample, are suggestive of effects of prenatal testosterone transfer.
Introduction
Most humans are right-handed, while around 10% are left-handed (Gilbert and Wysocki, 1992) . The origins of human handedness are unclear, although there is evidence that handedness is at least partly determined before birth. Ultrasound studies indicate that human fetuses prefer to move their right hand as early as 10 weeks of gestational age (Hepper et al., 1998) , and this preference is reportedly maintained from 12 to 27 weeks of gestational age (McCartney and Hepper, 1999) . Prenatal thumb sucking is related to newborn head position (Hepper et al., 1991) and even to handedness at 10-12 years age (Hepper et al., 2005) . Although the formation of human handedness originates prenatally, genetic theories are inadequate to explain handedness. While specific chromosomal regions (Warren et al., 2006) and genes (Medland et al., 2005; Francks et al., 2007 , but see Crow et al. 2009 and reply by Francks, 2009 ) are linked to handedness, twin studies indicate that only about a quarter of the variance in handedness is attributable to genetic effects (for a meta-analysis see Medland et al., 2006; Medland et al., 2009; Vuoksimaa et al, 2009) . Some left-handedness may be of pathological origin (Dellatolas et al., 1993; Ramadhani et al., 2006) , but in general, left-handedness is a natural phenomenon that correlates with lateralization of language functions (Knecht et al., 2000) . Hormonal theories have been invoked to account for the development of handedness in addition to the genetic and pathological theories (for different theories of handedness see e.g. Beaton, 2003 ; for a meta-analysis of testosterone effects on laterality in animals see Pfannkuche et al., 2009 ). The Geschwind-Behan-Galaburda (GBG) hypothesis (Geschwind and Behan, 1982; Geschwind and Galaburda, 1985) postulates that prenatal exposure to testosterone influences brain function and structures. According to the GBG hypothesis, high levels of testosterone may inhibit development of the left hemisphere and enhance development of the right hemisphere. This can shift handedness and language functions from the left hemisphere to the right, resulting in weaker dextrality or to left-handedness. In contrast to the GBG hypothesis, an alternative theory suggests that left-handedness is caused by decreased levels of testosterone (Witelson, 1991; Witelson and Nowakowski, 1991) . This callosal theory proposes that low prenatal testosterone levels result in less regressive development of temporo-parietal regions of the brain, resulting in a larger isthmus of the corpus callosum and less functional asymmetry, thus increasing left-handedness.
Greater left-hand bias, assessed with the Edinburgh Handedness Inventory has been reported (Nass et al., 1987; Kelso et al., 2000) in girls with congenital adrenal hyperplasia (CAH), who are exposed to elevated levels of testosterone in utero. But two studies found that handedness of CAH girls did not differ from controls (Helleday et al., 1994; Mathews et al., 2004) . Even if found, altered lateralization in special populations, such as CAH girls, might be secondary to complications of the disorder. Other studies have investigated the relationship between index/ring (2d:4d) finger ratio and handedness. Males exhibit lower 2d:4d ratios than females (Manning, 2002) . Some consider this sexually dimorphic characteristic a putative marker of prenatal testosterone exposure. A low 2d:4d ratio has been associated with enhanced left hand performance as measured with hand skill tasks (Manning et al., 2000; Fink et al., 2004) , offering some evidence linking higher prenatal testosterone levels (in a form of low 2d:4d ratio) to left hand preference, but the results have been mixed. One study found that non-right-handers had lower (more masculine) 2d:4d ratio than right-handers (Nicholls et al., 2008) . Another study found that non-right-handed subjects had higher 2d:4d ratio than right-handed subject (Ypsilanti et al., 2008) . In a large scale internet study with over 170,000 subjects, low 2d:4d in the right hand was associated with the left hand preference, whereas high 2d:4d in left hand was associated with left hand preference (Manning and Peters, 2009 ). Another study found that 2d:4d ratio was associated with hand preference, but due only to interaction with finger length (Jackson, 2008) , and the difference between 2d:4d ratios in right and left hands has been associated with hand preference (Beaton et al., 2010) . Other than CAH studies (usually of limited size samples) and the inconsistent studies concerning 2d:4d ratio, a relationship between high prenatal testosterone levels and left-handedness enjoys little support (see Bryden et al., 1994 , but see also Previc, 1994) .
The most striking evidence against the GBG hypothesis comes from a study associating prenatal testosterone in 2 nd trimester amniotic fluid with cerebral lateralization in 10-year-old children: higher levels of prenatal testosterone were related to right-handedness (Grimshaw et al., 1995) , not left-handedness as assumed by the GBG hypothesis. This study of healthy girls was consistent with callosal theory (Witelson and Nowakowski, 1991) , which states that males with clinical conditions related to low testosterone levels in early development (e.g. Klinefelter syndrome), as well as male homosexuals (Lalumière et al., 2000) , show increased odds of lefthandedness compared to the general population. In support of callosal theory, Medland et al. (2005) found that left-handedness was more common in subjects whose variants of the androgen receptor gene were associated with lower levels of testosterone, but this study could not distinguish whether this result was a consequence of a direct effect of the androgen receptor gene or mediated by testosterone exposure.
Several studies have examined circulating testosterone levels of right-and left-handed adults. Right-handed (for writing and drawing) young adult women had higher salivary concentrations of testosterone than left-handed (for writing and drawing) women in a study of healthy subjects (Gadea et al., 2003) . Similarly, another study that used the Crovitz and Zener handedness questionnaire, found higher salivary testosterone levels in right-handers versus left-handers in both men and women (Moffat and Hampson, 1996) . In this study, ambidextrous subjects were categorized as left-handed. Because testosterone levels are highly genetic (Harris et al., 1998; Eriksson et al., 2005; Hoekstra et al, 2006) , prenatal testosterone levels might also correlate with the circulating levels of testosterone later in life. Thus, it cannot be concluded whether the effect of testosterone in these studies is of prenatal or postnatal origin. Interestingly, a study that measured handedness as a right-left difference in grasp reflex indicated that testosterone levels, taken from the umbilical artery after birth, were higher in right-handers than in left-handers in newborns three to fives day after birth (Tan and Tan, 2001) . Other studies have found no differences in salivary testosterone levels between right-and left-handers (Moffat and Hampson, 2000; Beaton et al., 2010) .
Estrogen, as well as testosterone, may influence lateralization and formation of handedness. Studies concerning diethylstilbestrol (DES), a synthetic estrogen, have indicated that estrogen might have a masculinising effect on laterality to increase the probability for left-handedness. A study of 175 women exposed to DES prenatally found a higher incidence of left-handed writers (17.1%) compared to 219 controls (9.6%) (Scheirs and Vingerhoets, 1995) . Another study of 65 women found significantly more left-handed writers among DES exposed subjects (17.5%) compared to unexposed subjects (4%) and further indicated that the exposure to DES before week nine of gestation was related to left-handedness (Smith and Hines, 2000) . Also, one study found that 77 DES exposed women exhibited weaker right-handedness, measured with the Edinburgh Handedness Inventory, than 514 women who were not exposed to DES but there was no difference between these two groups of women when the comparison was made by using the laterality score of zero as a cutpoint (Schachter, 1994) .
In animals, prenatal transfer of testosterone occurs between foetuses, and it has been shown that females adjacent to males in their uterine environment can be prenatally masculinised by testosterone exposure (Ryan and Vandenbergh, 2002) . A parallel effect in humans may occur in females of brother-sister twin pairs, although there is no direct evidence of prenatal transfer of testosterone in humans. Some earlier studies have suggested that females with male co-twins can be masculinised in physiological and biological traits including spontaneous otoacoustic emissions and maternal fitness (McFadden, 1993; Lummaa et al., 2007 ; but see Rose et al, 2002) .
To date, two studies (Elkadi et al., 1999; Ooki, 2006) have directly compared the rate of lefthandedness between females from opposite-sex and same-sex twin pairs. Both studies tested the GBG hypothesis under the assumption that the prevalence of left-handedness would be increased in opposite-sex female twins if prenatal testosterone exposure occurs. These studies were not framed to test the competing callosal hypothesis, which predicts that the prevalence of left-handedness should be lower in opposite-sex female twins than in same-sex female twins.
No significant differences were found between 59 opposite-sex female and 40 same-sex female twins in strength of hand preference or in frequency of left-handedness measured with the Edinburgh Handedness Inventory (Elkadi et al., 1999) . But subjects for that study were selected in an unusual, and seemingly inappropriate, way to enhance the proportion of left-handers in the study. Tested subjects from half of the twin pairs were selected from a larger sample using the criteria that one twin within each pair indicated a left hand preference for at least one of the following: hand used when dealing a deck of cards, writing hand, hand used for throwing a ball. Such selection makes generalization to comparisons of handedness within a populationbased sample of same-and opposite-sex female twins uncertain.
A second twin study reported no significant difference in left-handedness between females from opposite-sex and same-sex pairs in two separate samples (Ooki, 2006) . In the first sample (N=1131, age 11-12) the prevalence of the left-handedness in opposite-sex females was 5.6% and 11.6% for same-sex female twins. Similarly the rate of left footedness, another measure of laterality that correlates with language lateralization (Elias and Bryden, 1998) , was lower in opposite-sex female twins (6.2%) compared to same-sex female twins (14.6%) and that difference was statistically significant (p= .034). In the other sample, results were opposite in direction, albeit not significantly so. The representativeness of this sample is also uncertain, because the prevalence of left-handedness was 22.1% and the prevalence of left-footedness was 18.7%, very different rates compared to large-scale studies reporting the prevalence of left-handedness is typically around 10% (Gilbert and Wysocki, 1992) . In this sample, the age of the subjects (N=951) ranged from 1 to 15 years, despite the fact that handedness is not necessarily established in children below 6 years of age (Bryden et al., 2000) . In the Ooki (2006) study, handedness was measured by mother's report of which hand a twin used to write a letter and footedness by mother's report of which foot a twin used to kick a ball. Twins who were reported to use both hands/feet were treated as left-handers/left-footed.
In addition, a recent study found no difference in the prevalence of left-handedness (as measured by the hand used for throwing or writing hand or self-reported handedness) between opposite-sex and same-sex twins in Australian (p=.052) and Dutch samples (p=.403), but this study did not report the prevalence of left-handedness or number of subjects in females from opposite-sex and same-sex pairs (Medland et al., 2009 ). To sum up: earlier studies have suggested either decreases or increases in the prevalence of left-handedness due to elevated levels of prenatal testosterone, but only one study has used direct measures of testosterone in healthy subjects. Although the callosal hypothesis (Witelson, 1991; Witelson and Nowakowski, 1991) originally postulated that decreased levels of testosterone are related to left-handedness in males, this hypothesis has been extended to females with supporting evidence from the study of Grimshaw et al. (1995) along with studies that have indicated higher levels of activational testosterone in right-handers than in lefthanders also in females (Moffat and Hampson, 1996; Gadea et al., 2003) . Based on these earlier studies of healthy subjects with direct measures of testosterone, we hypothesise that both higher prenatal and activational levels of testosterone are related to right-handedness as measured by preference. Thus, our aim was to study whether the prevalence of left-handedness is lower/the prevalence of right-handedness is higher in females from opposite-sex twin pairs compared to females from same-sex twin pairs. We also investigated the relationship between handedness and circulating levels of testosterone and estradiol. Earlier studies have investigated the relationship between handedness and either organizational or activational effects of gonadal hormones, but our study included both an indirect measure of prenatal testosterone and information on activational levels of testosterone and estradiol. Some pregnancy and birth related variables have been reported to be associated with left-handedness. For example very low birth weight, greater maternal age and infant resuscitation have found to be associated with left-handedness (Powls et al., 1996; Williams et al., 1999; Bailey and McKeever, 2004) . Moreover, monozygotic twins are known to have lower birth weight and more perinatal complications than dizygotic twins (Loos et al., 1998) . Accordingly, we used birth data (Apgar score, birth weight, gestational age and maternal age at twins' birth) as covariates to control for possible birth and prenatal development related differences between monozygotic and dizygotic twins and to restrict the possible effects of testosterone to those subjects whose lefthandedness likely is not of pathological origin. Inclusion of information on gestational age is important, since it correlates linearly with prenatal testosterone levels in females (Finegan et al., 1992) .
Methods

Subjects
The sample consisted of 4736 Finnish twins from the FinnTwin12 study, which includes all Finnish twins born in 1983 -1987 . There were 749 monozygotic (MZ) females, 697 MZ males, 706 dizygotic (DZ) females, 784 DZ males, 755 females from opposite-sex pairs (OSF), and 730 males from opposite-sex pairs (OSM) and 315 same-sex twins whose zygosity could not be definitively determined due to missing or inconsistent replies to zygosity questions. Handedness was reported by the twins when they were 14 years old in a postal questionnaire. Zygosity was determined from a validated questionnaire (Sarna et al., 1978) supplemented by questions explicitly designed for younger twins (Goldsmith, 1991) . In addition to handedness information, we obtained saliva samples for 771 twins from the 1986 and 1987 cohorts, a subset of twins who were selected for intensive lab studies from the general FinnTwin12 population. Two-thirds of all twins in the intensive sample were selected at random, while the remainder, assumed at elevated risk for alcohol problems, were selected based on their parents' reports of alcohol use. Detailed information about FinnTwin12 study and selection of the intensively studied twins can be found elsewhere . We had handedness data for about 70% of Finnish twins born in 1983-1987. FinnTwin12 study protocols were approved by the IRB of Indiana University, Bloomington, IN, and by the ethical committee of the Helsinki and Uusimaa Hospital District. All twins and their parents gave written informed consent for their participation.
Handedness measures
Assessment of handedness was based on a postal questionnaire that was sent to twins at age 14. Twins were asked to self-report their handedness by answering two questions: 1) Are you: right-handed, left-handed or use both hands equally well ? (n=4736); 2) Do you write with your right hand? No or Yes (n=4734).
Hormonal measures
Circulating testosterone and estradiol levels were determined from two saliva samples. Testosterone and estradiol concentrations were measured from the saliva supernatants, using commercially available ^125 I radioimmunoassay kits (Spectria) from Orion Diagnostica, Espoo, Finland. Testosterone within-assay variability (CV%) was 6.2% and between-assay variability was 9.7% at the level of 0.13 nmol/L (N=25). For estradiol, the average withinassay variability (CV%) was 13.2% (at the level of 5-20 pmol/L, n= 20) and between-assay variability was 13.5 % (at 5 pmol/L, n = 10). Testosterone and estradiol measures used in the analysis were adjusted for age, diurnal and seasonal effects. To reduce skewness, the testosterone and etradiol data used in the analyses were log transformed, but we report the nontransformed values in figures. Two saliva samples were collected from the twins in conjunction with a face to face psychiatric interview when the twins were 14 years old: the first sample was taken before interview and the second sample was taken after the interview. The procedure for collecting the saliva samples and determination of testosterone levels are described in detail elsewhere (Eriksson et al., 2005) .
Pregnancy and birth related measures
The pregnancy and birth related factors (Apgar score at 5 minutes, birth weight, gestational age and mothers age at twins' birth) were assessed in questionnaire items asked of the twins' parents, when the twins were 11-12 years old. The validity of these measures is likely satisfactory, because in Finland, these measures are routinely collected by hospital staff at the time of birth and recorded on child health forms retained by the mother for subsequent visits to well-child clinics, which are universally used by the population at no cost. Apgar scores ranged from 0-10, birth weight from 700 to 4530 grams, gestational age from 26 to 42 weeks and mothers' age at twins birth from 17.3 to 43.4 years. Due to missing values, samples sizes varied across measures (4105 for 5 minute Apgar score, 4574 for birth weight and 4405 for gestational age). Maternal age at twins' birth was known for all subjects.
Statistical analyses
We used chi-square statistics to analyse the difference in the rate of left-handedness by sex and co-twins sex. Because the data was based on sampling families, we adjusted for the clustered observations (twins within families) in all analyses and report design-based F-values instead of uncorrected chi-square values (Rao and Scott, 1984) . A logistic regression model was used to calculate the odds ratios (OR) of handedness between twins from same-sex and oppositesex pairs. For testing the differences in circulating hormone levels and in pregnancy and birth related factors, we used an adjusted Wald test and clustered data were taken into account (Williams, 2000) . For this reason, the reported numbers for design based degrees of freedom (df) refers to number of clusters (families) in the comparison. All analyses were performed using Stata software, version 9.1. (Stata, 2006) .
Results
Based on their self-reported handedness, most of the subjects were right-handed (89%), while 9% were left-handed, and 2% were ambidextrous. Measured with self-reported writing hand, 10% were left-handed. There was significantly more left-handedness in males (11%) than in females (8%) (F(2, 4842) = 7.34, p< .001), whereas ambidextrousness was equally common in males (2%) and in females (1.4%). There were significantly more left-handed writers among males (12%) than females (9%) (F(1, 2420) = 11.66, p< .001). Most subjects were consistent right or left-handers (i.e. they reported same hand for both of the handedness questions), but 35 subjects who reported themselves right-handed were left-handed writers, and 13 of those who reported themselves left-handed were right-handed writers. We excluded those 48 subjects who reported inconsistent handedness, because they are likely to be those who have switched their writing-hand due to injury or subsequent to being encouraged or forced to write with their right hand. We excluded also all subjects, regardless of their writing hand, who reported themselves as ambidextrous (most of the ambidextrous subjects reported themselves as righthanded writers). In further analyses, we included only those subjects who reported themselves as consistent left-or right-handers (n=4605). The consistency of handedness and those groups included in further analyses can be seen in Table 1 . The prevalence of left-handedness according to these criteria was 9.1%, and there were significantly more left-handers among males (10.7%) than in females (7.5%) (F(1,2412) = 13.58, p<.001). Of these 4605 twins, testosterone data were available for 771 and estradiol data for 744. The prevalence of lefthandedness among twins for whom we had estradiol and testosterone measures was 8.7%, not different from the prevalence of left-handedness (9.2%) in subjects for whom we did not have hormonal measures (F(1,2412) = 0.14, p=.71).
There were no differences in handedness between MZ and DZ same-sex females (F(1,733) = 0.06, p=.81) nor between MZ and DZ same-sex males (F(1,749) = 0.74, p=.39). Given that, we combined MZ and DZ same-sex females into one same-sex female (SSF) group and MZ and DZ males into one same-sex male (SSM) group. There were no significant differences in handedness between SSF twins and females from same-sex pairs with unknown zygosity (F (1,819) = 0.06, p=.81) nor between SSM twins and males from same-sex pairs with unknown zygosity (F(1,826) = 0.65, p=.42); and given that, we included females and males from samesex pairs with unknown zygosity into SSF and SSM groups. Further, there were no significant differences between first (9.0%) and second born twins (9.2%) in left-handedness (F(1,2412) = 0.02, p=.89).
Estradiol and testosterone assays
As expected, males had significantly higher salivary testosterone levels than did females (F (1,412) = 197, p<.0001), and that difference was evident as well within opposite-sex twin pairs (F(1, 412) = 98, p<.0001). There were no significant differences in salivary testosterone levels between females from same-sex (SS) pairs (n=254) and females from opposite-sex (OS) pairs (n=117) (F(1,412) = 0.26, p=.61) or between males from same-sex pairs (n=291) and males from opposite-sex pairs (n=109) (F(1,412) = 0.10, p=.91) (Figure 1 ). Salivary testosterone did not differ significantly between right-handed and left-handed individuals in males (F(1,262) = 0.13, p=.72) or females (F(1,249) = 0.99, p=.32). Females had significantly higher salivary estradiol levels than males (F(1,407) = 52.49, p<.0001), and that sex difference was evident also in opposite-sex pairs (F(1,407) = 27,47, p< .0001). There were no significant differences in salivary estradiol levels between females from SS (n=244) and OS (n=114) pairs (F(1,407) = 0.03, p=.86) or between males from SS (n=278) and OS (n=108) pairs (F(1,407) = 0.64, p=. 42) ( Figure 2 ). Salivary estradiol did not differ significantly between right-handed and lefthanded individuals in males (F(1,258) =0.35, p=.56.) nor in females (F(1,245) =1.51, p=.22).
Because one third of the subjects with testosterone and estradiol measures were selected because of their parents' elevated self-reported alcohol problems, we tested whether there were differences between these subjects and those randomly selected in prevalence of left/righthandedness and in hormone levels. Although there were more left-handers in the subjects whose selection criterion was their parents' high alcohol related problems than in subjects who were selected at random, that difference was not statistically significant (10.2% vs 8.3%; F (1,407) =.69, p=.41). Neither testosterone levels (F(1,412) =2.21, p=.14), nor estradiol (F (1,407) =.34, p=.56) levels differed between randomly selected subjects and subjects who were selected for their parents' elevated alcohol problems. The non-significant differences in testosterone and estradiol levels between left-and right-handed subjects were similar when we included only those subjects who were randomly selected (data not shown).
Handedness in twins from same-sex and opposite-sex pairs
There was a decreased prevalence of left-handedness in OSF twins (5.3%) compared to SSF twins (8.6%), whereas in males there was no difference between twins from OS and SS pairs (Table 2) . Further, the 5.3% prevalence of left-handedness in OSF twins was significantly lower (F(1,1095) = 5.26, p=.02) when tested only against same-sex dizygotic females, of whom 8.4% were left-handed. The prevalences of left-handedness were similar in twins who had estradiol and testosterone measures (n=771; 8.6% in SSF, 4.4% in OSF, 9.7% in SSM and 11.1% in OSM twins) . We then compared concordance/discordance of handedness across same-sex and opposite-sex twin pairs. There were 2192 pairs for these analyses. Discordant handedness of co-twin was equally common in SSF (14.0%) and OSF twins (14.6%), but in males, OSM twins (14.6%) were less likely to have a co-twin discordant for handedness than were SSM twins (18.9%) (Table 3) . Left-and right-handed subjects did not differ by Apgar scores, birth weight, gestational age or mother's age at twins' birth (Table 4) . Similarly, there were no differences between left-handed and right-handed subjects when females and males were considered separately. Since there was a trend for a difference in gestational age between left-and right-handed subjects, and also a trend for a difference in birth weight in females, we used logistic regression models to analyse the effects of co-twins' sex and gestational age, and also birth weight in females, on handedness (n=2202). Having a male co-twin increased the probability of right-handedness in females (OR 1.22, 95% Confidence interval 1.01-1.48, p=. 04), while neither gestational age (OR 1.03, 95%CI 0.95-1.12, p=.42) nor birth weight (OR 1.00, 95%CI 1.00-1.00, p=0.48) had an effect on handedness. In the model without gestational age and birth weight (n=2315), the OR for right-handedness in OSF twins was 1.29 (95%CI 1.07-1.56). In males, neither having a female co-twin (OR 1.00, 95%CI 0.87-1.16, p=.97) nor gestational age (OR 1.03, 95%CI 0.98-1.09, p=.27) had any relation with handedness (n=2199).
Discussion
First, the prevalence of left-handedness in our study is comparable to other studies that have indicated around 10% prevalence of left-handedness (Gilbert and Wysocki, 1992; Medland et al., 2003; Peters et al., 2006) . Also the sex difference in left-handedness is consistent with earlier studies (for meta-analyses Papadatou-Pastou et al., 2008, see also Vuoksimaa and Kaprio, in press; Sommer et al., 2008) .
We found, as hypothesised, lower prevalence of left-handedness/higher prevalence of righthandedness in females from OS pairs than in females from SS pairs. This result is consistent with theory that links higher levels of prenatal testosterone to right-handedness. Although not impossible, it is very improbable that postnatal effects fully explain our results. One previous twin study found a lower prevalence of left footedness in females from opposite-sex pairs compared to females from same-sex pairs (Ooki, 2006) . Relating to laterality, another twin study found that OSF twins had a right ear advantage on a dichotic listening task more often than SSF twins (Cohen-Bendahan et al., 2004) . Since right ear advantage is indicative of left hemisphere language lateralization and left hemisphere language lateralization is more common in right-handers than in left-handers, the Cohen-Bendahan et al. (2004) results are in line with our finding of increased prevalence of right-handedness in female twins with male co-twins. A recent study of singletons has found a positive relationship between prenatal testosterone, as measured from amniotic fluid at 2 nd trimester, and left hemisphere language lateralization, in form of right ear advantage in dichotic listening task, at age six (Lust et al., 2010) . Some studies of 2d:4d ratio have been interpreted as inconsistent with our results and our inferences: low 2d:4d ratio is related to left hand preference (Nicholls et al., 2008) or enhanced left hand skill (Manning et al., 2000; Fink et al., 2004) , and, if low 2d:4d ratio reflects low prenatal testosterone levels, these results contradict the interpretation we make of our data. But is 2d:4d ratio a reliable proxy for prenatal testosterone levels? In fact, there is no direct evidence that 2d:4d ratio reflects prenatal exposure to testosterone (see Berenbaum et al., 2009; Wallen, 2009 ). To date, two small-sample studies have reported that OSF twins have masculinised 2d: 4d ratio (van Anders et al., 2006; Voracek and Dressler, 2007) , whereas a study of 212 females from opposite-sex pairs and 237 females from same-sex pairs found no difference in 2d:4d between these two groups of females (Medland et al., 2008) . Our results are in contrast with this negative finding considering finger ratios, but we note that prenatal testosterone effects, if they exist, are probably time dependent. Moreover, testosterone affecting handedness, which correlates with language lateralization (Knecht et al., 2000) presumably influences brain function in some way (e.g., by affecting expression of the androgen receptor gene in brain). The gene expression is tissue specific, so brain/cognitive function and physical characteristics do not necessarily have to correspond exactly.
Although OSF twins differed significantly from SSF twins in the prevalence of lefthandedness/right-handedness in our study, in some sense this effect is not masculinisation, because the prevalence of left-handedness in OSF twins was not in the direction of males (i.e. left-handedness is more common in males). Nevertheless, our results, which are unlikely to be wholly a result of postnatal socialization, suggest that having a male co-twin increases the probability of right-handedness in female twins. Thus, the present results can be interpreted as evidence for prenatal testosterone transfer. It is possible that the effects of testosterone on handedness may be opposite for males and females. For example, in spatial abilities in males increased testosterone levels are related to poorer spatial abilities, whereas in females, increased levels of testosterone are related to better spatial abilities (Gouchie and Kimura, 1991; Aleman et al., 2004 ; for a meta-analysis of CAH individuals see Puts et al., 2008) . Moreover, the effect of prenatal testosterone on language lateralization is suggested to be sexspecific (Lust et al., 2010) . Similarly, it is possible that increased levels of testosterone have sex-specific effects on handedness: causing left-handedness in males and right-handedness in females. Why did we not find a difference in the prevalence of left-/right-handedness in males from opposite-and same-sex pairs? If there is prenatal transfer of testosterone from one fetus to another, it could be expected that right-handedness would be more common in males from same-sex pairs since males from those twin pairs are exposed to extra testosterone levels from their male co-twin. One possible explanation why this was not found in our study could be that the additional testosterone from a twin brother does not much increase male fetal testosterone levels, since males produce testosterone on their own substantially more than females. For example, there is evidence that sex of co-twin affects females, but not males in other sexually dimorphic traits; females with male co-twins are masculinised in mental rotation ability, but males with female co-twins do not differ from males with male co-twins (Vuoksimaa et al., in press ).
Our results indicate that the different prevalence of left-handedness in SSF and OSF twins is not attributable to activational levels of sex hormones, since there were no significant differences in testosterone and estradiol levels in SSF and OSF twins at age 14 years. Our results show that in twins there exists a similar sex difference in fluctuating levels of testosterone and estradiol as in singletons, and that the sex difference is not affected by the sex of a co-twin. This is in line with an earlier study (Cohen-Bendahan et al., 2005a) . The activational levels of testosterone and estradiol were not related to handedness in our study; thus, we could not confirm earlier reports of higher levels of activational testosterone in righthanders compared to left-handers Hampson, 1996, Gadea et al., 2003) . Compared to our study with testosterone data on 771 subjects, the studies of singletons have comprised of somewhat smaller samples: 80 and 48 participants in the studies of Moffat and Hampson (1996) and Gadea et al. (2003) , respectively. One notable difference in hormonal measures between these two studies and the present study was that our hormonal levels were measured at puberty, a period when testosterone levels are elevated in males. The studies of Moffat and Hampson (1996) and Gadea et al. (2003) measured testosterone levels from young adults. Accordingly it is possible that right-handers have higher testosterone levels than left-handers in adulthood, but not during puberty. But not all singleton studies have found differences in testosterone levels between left-and right-handers (Moffat and Hampson, 2000; Beaton et al, 2010) .
Neither birth order, zygosity (MZ vs. DZ), pregnancy nor birth related complications had an effect on handedness. The similar prevalence of left-handedness in MZ and DZ twins and between first and second born twins are in line with previous studies (Medland et al., 2003; Medland et al., 2009; Vuoksimaa et al., 2009) . MZ twins are known to have lower birth weights and more perinatal complications than DZ twins (Loos et al., 1998) and likewise, second-born twins are more liable to prolonged birth and perinatal morbidity (Armson et al., 2006) . Our results suggest that the birth and pregnancy related differences (for which we had information) between MZ and DZ twins are not related to formation of handedness. Moreover, our results show that the difference in the prevalence of left-handedness between females from same-sex and opposite-sex pairs remained when we tested the difference including only dizygotic females. This indicates that our results are not explained by other differences (for which we did not have information) between monozygotic and dizygotic twinning, such as chorionicity. These findings also suggest that pathological left-handedness is rare in the general population. Importantly, the difference in the prevalence of right-handedness between females with male co-twins and females with female co-twins remained after controlling for gestational age, which correlates positively with prenatal testosterone levels in females (Nagamani et al., 1979; Finegan et al., 1992) . In our study, right-handers had greater gestational age than lefthanders, but this difference was very small and only marginally significant.
Intrauterine position has been suggested to be related to handedness in singletons (for a review see Previc, 1991) ; thus it could be speculated that if intrauterine position is associated with handedness in twins, then the higher frequency of left-handedness in males could cause more right-handedness in females in opposite-sex pairs. In our study most of the left-handed females, both in SSF and OSF group, were from handedness discordant pairs: that suggests that the lefthandedness in males from opposite-sex pairs is not the cause for right-handedness in females from these pairs, although we did not have information about the intrauterine position of twins.
Our results, assuming that prenatal testosterone exposure in opposite-sex twin pairs does occur, are consistent with the callosal hypothesis of handedness, which relates increased levels of testosterone with right-handedness; conversely, our results contrast to the GBG model of handedness, which predicts increased levels of testosterone to be related with left-handedness. In line with our result, earlier singleton studies have reported higher levels of testosterone in right-handed females compared to left-handed females (Moffat and Hampson, 1996; Gadea et al, 2003) and one study found that prenatal testosterone, taken from amniotic fluid in 2 nd trimester, correlated with right-handedness (Grimshaw et al., 1995) .
The anatomical correlates of handedness in the human brain are located in motor cortex (Hammond, 2002) , but asymmetry differences in cerebellum between left-and right-handers have been reported as well (Snyder et al., 1995) . We propose that future studies should investigate whether there are anatomical or functional brain differences between SS and OS female twins in these brain areas. Also the anatomy of corpus callosum, which according to callosal hypothesis was originally hypothesised to differ between right-handed and nonconsistent right-handed males (Witelson, 1985 : Witelson, 1991 could be studied in SS and OS female twins. A meta-analysis of seven studies indicated that corpus callosum is larger in left-handers than in right-handers (Driesen and Raz, 1995) ; although the effect size of that difference was small and further, more recent brain imaging studies have not replicated a relationship between handedness and corpus callosum anatomy (Peters et al., 2002; Luders et al., 2003 ; see also Beaton, 1997) . To date, only one study has investigated the anatomical brain differences in female twins from OS and SS pairs: females from opposite-sex pairs had significantly bigger global brain volumes in cerebellum, grey matter, white matter as well in total brain volume (Peper et al., 2009 ), but that result was at least partly explained by lower birth weight in twins from SS pairs compared to twins from OS pairs. While males have greater grey and white matter and greater global brain volumes, these differences were not related to handedness in a study of 465 healthy adults (Good et al., 2001) .
One limitation of our study is the fact that we did not have a direct measure of prenatal testosterone. In fact, there are no studies where prenatal transfer of testosterone in human twins has been confirmed. The effects of prenatal testosterone might occur directly via the feto-fetal route or through the maternal-fetal route. One study found no difference in maternal testosterone levels between mothers who where expecting same-sex twins and mothers who were expecting opposite-sex twins (Cohen-Bendahan et al., 2005) , which suggests that the prenatal transfer of testosterone is not occurring through the maternal route. But that result awaits replication, and we note that the testosterone levels in the Cohen-Bendahan et al.
(2005) study were taken relatively late, at 24 and 32 weeks of gestation. It is known that testosterone levels in male fetuses are elevated from 8 to 24 weeks of gestation (for a review see Collaer and Hines, 1995) . It is also suggested that the amniotic fluid would be a better source than maternal serum for studies concerning the effects of prenatal testosterone exposure (Van de Beek et al., 2004) .
To conclude, our results showed decreased prevalence of left-handedness/increased prevalence of right-handedness in female twins who have male co-twins in a large population based sample of Finnish twins born in 1983-1987. This provides indirect evidence to support the idea of prenatal transfer of testosterone in humans. We did not find differences in activational levels of testosterone or estradiol between left-and right-handers. Our results do not support the pathological etiology for left-handedness in general. Mean testosterone levels (with 95% confidence intervals) of two saliva samples for same-sex female (SSF), opposite-sex female (OSF), same-sex male (SSM), and opposite-sex male (OSM) twins. Mean estradiol levels (with 95% confidence intervals) of two saliva samples for same-sex female (SSF), opposite-sex female (OSF), same-sex male (SSM), and opposite-sex male (OSM) twins. The groups in bold font are included in the further analyses (consistent left-and right-handers). Percentages indicate the proportion of left-and righthanded writers among subjects who reported themselves as left-handed, right-handed or ambidextrous. Prevalence of right-and left-handedness in same-sex and opposite-sex twins (number of subjects in parentheses). (99) 18.9% (143) Left hand concordant 1.3% (10) 0.6% (4) 1.3% (10) SSF = same-sex female, OS = opposite-sex, SSM = same-sex male. From 99 discordant OS pairs the left-handed twin was female in 31 pairs.
